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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

The mechanical and electromagnetic properties of engineering materials are strongly influenced
by their crystal grain size and distribution. For example, strength, toughness and hardness are
all important engineering properties that are strongly influenced by these parameters. Both bulk
materials and thin films, even as narrow two-dimensional structures, are influenced by grain size. For
this reason, it is important to have standard methods for its measurement with commonly used and
agreed terminology. This document describes procedures for measuring average grain size from maps
of local orientation measurements using electron backscatter diffraction.
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Microbeam analysis — Electron backscatter diffraction —
Measurement of average grain size

1 Scope

This document describes procedures for measuring average grain size derived from a two-dimensional

polis|
of oy
spec
shou
secti
dime

NOTIH
estab
resol

NOTH
thosd

NOTH
with

Ted CrOSS-SeCtion USINg electron backscatter diffractiom tEBSD)—This Tequitesthe 1T
ientation, misorientation and pattern quality factor as a function of position inthe
menlll. The measurements in this document are made on two dimensional se¢tions
Id note carefully the definitions used (3.3) which draw a distinction betweén th
pnal grain sizes, and the mean grain size which can be derived from them that relates
nsional grain size.

1  While conventional methods for grain size determination using bptical microsco
lished, EBSD methods offer a number of advantages over these techuiques, including incr
ition and quantitative description of the orientation of the grains.

2 The method also lends itself to the measurement of the grain size of complex materialg
with a significant duplex content.

3  The reader is warned to interpret the results with\care when attempting to investiga
high levels of deformation.

easurement
crystalline
The reader
e measured
to the three

py are well-
based spatial

, for example

ke specimens

2 Normative references

The following documents are referred to in-the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited |applies. For
unddted references, the latest edition-of.the referenced document (including any amendments) applies.
ISO 16700, Microbeam analysis_%< Scanning electron microscopy — Guidelines for calibnating image
magnification

ISO/1EC 17025, General requirements for the competence of testing and calibration laboratories

1SO 43833, Microbeant.avialysis — Electron probe microanalysis (EPMA) — Vocabulary

ISO 24173, Micrebedm analysis — Guidelines for orientation measurement using electron|backscatter
diffrqction

3 Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 24173 and ISO 23833 and the
following apply.

[SO and IEC maintain terminological databases for use in standardization at the following addresses:

— 1
[

© ISO

SO Online browsing platform: available at https://www.iso.org/obp

EC Electropedia: available at http://www.electropedia.org/
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3.1 Term

3.1.1
step size

:2020(E)

inology associated with EBSD measurement of grain size

distance between adjacent points from which individual EBSD patterns are acquired during collection
of data for an EBSD map

3.1.2
pixel

picture element
smallest area of an EBSD map, with the dimensions of the step size (3.1.1), to which is assigned the

result of a si
that area

3.1.3
orientation
mathematic
areference

[SOURCE: IS

3.1.4
indexed
meets the p
from the EB

3.1.5
indexing re
numerical ¥
automatic a

Note 1 to ent

a)

the aver

angles c
b) the diffé

matched

triplets.
3.1.6
orientation

crystal orig

Ngie orienmtation {3-1-3) MeaSurenent rade by Stopping the beanT ata point at the ten

rame, usually the specimen axes

0 24173:2009, 3.16, modified to include different reference frames:

redetermined threshold for reliability for the orientation {371.3) of a pixel (3.1.2) calcu
SD pattern acquired for that pixel

liability
halysis
Fy: This parameter varies between EBSD manufacturers, but can include:

hge difference between the experimentally determined angles between diffracting planes and
hlculated for the orientation determined by EBSD software;

rence between the numberof triplets (intersections of three Kikuchi bands) in the EBSD p4
by the chosen orientation;and the next best possible solution, divided by the total numh

map
ntation map

map-like dif
at each poi
pixels and t

[SOURCE: I
3.1.7

play of pixels (3.1.2) derived from the sequential measurement of crystal orientation (3
t in a grid’[see Figures 1 b) to 1 f)] showing the crystallographic relationship betwee
e refetence frame

re of

nl description of the angular relationship between the crystal axes of the-analysis poinf and

lated

alue that indicates the confidence/reliability that the indexing software places in an

those

ttern
er of

.1.3)
n the

pattern quality
measure of the sharpness of the diffraction bands or the range of contrast within a diffraction pattern

Note 1 to entry: Different terms are used in different commercial software packages, including, for example,

band contras

t, band slope and image quality.
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3.1.8

pattern quality map
map-like display of pixels (3.1.2) derived from the sequential collection of EBSD patterns at each point
in a grid [see Figure 1 a)] showing the pattern quality (3.1.7) of the individual pixels

Note 1 to entry: Since measures of pattern quality can change at features such as grain boundaries and with

orien

tation, the pattern quality map can give an indication of grain shape and size.

Note 2 to entry: Pattern quality maps can also indicate areas of heavy deformation and inadequate preparation,
such as residual scratches.

Note

3 to entry: Small particles and features also contribute to the pattern quality map.

3.1.9
pseu
pote
the H

Note
in thd
struc

Note
equa

[SOU

3.1.1
misd
rotaf
with

3.1.1
diso
due

in which case the one having the smallest angle is called the disorientation

Note
disor

Note
is thd

3.1.1
fore:
orier]

Note

dosymmetry
htial for an EBSD pattern to be indexed in several different ways due to internal simila
BSD pattern

1 to entry: Pseudosymmetry is a problem with some crystal orientations, usually when a mai
centre of the pattern. Typical cases are a {0001} pole for a hexagonal structure and a <111> p
ture.

2 to entry: Structures such as high-symmetry tetragonal crystals with an axial ratio, c/a, a
to 1 are also likely to exhibit pseudosymmetry in EBSD patterns:

RCE: [SO 24173:2009, 3.22]

0
rientation

ion, often defined by an angle/axis pair, requitred to rotate one set of crystal axes into
the other set of crystal axes, given two crystdl orientations (3.1.3)

1
rientation
0 crystal symmetry, there can be’s¢veral axis/angle pairs which represent the same mig

1 to entry: For most crystal symmetries, there are multiple symmetrically equivalent
ientation with the smallest thisorientation angle.

P to entry: Misorientation and disorientation are terms which are often used interchangeably. D
more rigorous tefm here, but misorientation is the more frequently used.

2
bcatter imaging
tationseoritrast produced from electrons which channel out of the specimen

1to entry: Other contrast mechanisms such as composition can also affect the contrast obtain|

Fities within

h Zone axis is
le for a cubic

pproximately

coincidence

orientation,

axes for the

isorientation

3.1.13
electron-channelling contrast imaging

ECCI

orientation contrast produced from electrons which channel into the specimen

3.1.14

barr

el distortion

difference in lateral magnification between the central and peripheral areas of an image such that the
lateral magnification is less at the periphery

Note 1 to entry: A square object in the centre of the field appears barrel-shaped (i.e. with convex sides).

[SOU
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RCE: ISO 10934-1:2002, 2.4.5.1]
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3.1.15
pincushion

:2020(E)

distortion

difference in lateral magnification between the central and peripheral areas of an image such that the
lateral magnification is greater at the periphery

Note 1 to entry: A square object in the centre of the field appears cushion-shaped (i.e. with concave edges).

[SOURCE: IS

3.2 Term

010934-1:2002, 2.4.5.2]

inology associated with grains and grain boundaries determined via EBSD

3.21

grain boun
line separat
the line gred

3.2.2
grain
region of p
boundaries |
(3.1.4)) poin

3.2.3
sub-grain b
line separat

dary
ng adjacent regions of points in an EBSD orientation map with disorientation (341117 a
ter than a minimum angle chosen to define the grain boundaries

bints with similar orientation (3.1.3) (within a tolerance), completely enclosed by
3.2.1) and greater than the minimum size defined to exclude isolatéd (often badly ind
ts as small grains

oundary
ng adjacent regions of points in a grain (3.2.2) with a difference in orientation (3.1.2) a

the line smalller than that defining a grain (3.2.2) but greater than that defining a sub-grain (3.2.4)

Note 1 to ent
that defining
characteristi

3.2.4
sub-grain
region of po
sub-grain bg

3.2.5

special bou
boundary b
associated V

3.2.6
twin bound
particular d
according t
crystallogrg

ry: Effectively, sub-grain boundaries are grain boundaries with a smaller misorientation limif

C misorientation.

ints with similar orientation corapletely enclosed by boundaries greater than the mini
undary (3.2.3) angle

ndary
btween two grains (3.2¢2) having a special orientation (3.1.3) relationship within a tolej
yith identifying thent in orientation maps (3.1.6)

ary

ase of awspecial boundary (3.2.5) between crystals oriented with respect to one an
b soritesymmetry rule, in which the boundary itself is planar and is a characte
phicplane (for both crystals) and, frequently, one crystal is the mirror image of the ot

[TOSS

grain
lexed

[TOSS

than

a grain boundary. These boundaries can havesa characteristic linear appearance and exhjibit a

muim

ance

bther
ristic
her

Note 1 to entry: For example, in face-centred-cubic structures, the characteristic misorientation defining a
common twin can be described as a 60° rotation about the <111> axis with the boundary plane normal to the
rotation axis.

3.2.7

recrystallized grains
new set of undeformed grains (3.2.2) formed by consuming deformed grains through nucleation and
growth processes

Note 1 to entry: Measurements of misorientation within grains by EBSD can be used to distinguish between
deformed and undeformed grains.
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3.2.8
phase
physically homogeneous volume in a material having the same crystal structure and chemical
composition

3.3

Terminology associated within grain size measurement

There are a variety of ways of representing average grain size. This subclause outlines some of the
more common terms used, and the reader is referred to Annex A for more details about other terms,
about the standards available and about the applicability of methods for particular grain shapes and

distr

ibutions.

3.3.

3D grain size
three-dimensional size of a grain (3.2.2) or crystal within a polycrystalline material, n
a volume

Note
itisr

1 to entry: In a strict stereological definition, just the term grain size is sufficient to denote t
ecommended to use the full description 3D grain size to avoid confusion with the sectional grqj

which is often shortened to grain size as well.

3.3.2
aver
valug
dime
relat

a) 4
b) §

c

3.3.3
line

dist4
(3.2.]

Note

3.34
equi
Dcircl
diam

[

age grain size

b determined from a two dimensional measurement“which is related to the av]
nsional size of a collection of grains or crystals forming-a polycrystalline material by 3
jonshipsl2l. It can be reported as one or more of the following measurements:

lverage area
iverage diameter determined from average area

iverage linear intercept length

ntercept
nce between the points atswhich a straight line crossing a grain intersects the gra
1) on each side

1 to entry: See ASTM.E112[15] for more details.

valent circlexdiameter

c
eter of the/circle with an area equivalent to the grain section area, given by:

% (4A/m)1/2

cirtle

neasured as

his value, but
in size (3.3.8)

erage three
tereological

in boundary

where A is the area of the grain (3.2.2)

Note

G-= _6,64‘10g10D

where D

© ISO

1 to entry: The ASTM grain size number, G, is given by[13l:

- 2,95

circle

circle 1S measured in mm.
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3.3.5

:2020(E)

Feret diameter
perpendicular distance between two parallel lines drawn in a given direction tangential to the
perimeter of an object on opposite sides of the object

Note 1 to entry: It is also known as the calliper diameter.

Note 2 to entry: Different variants of the Feret diameter are used. For example, the Feret diameter can be
measured in the vertical and horizontal directions or in any two directions at right angles to each other.

3.3.6
grain shap

property w
aspect ratio

Note 1 to ent
Note 2 to ent

Note 3 to ent
small differe

3.3.7

grain shapc
angle betws
usually mea|

3.3.8
sectional g}
two-dimens

a) the areg
b) adiame

Note 1 to ent|
grain size (3.]

Note 2 to ent

hose value is determined by fitting an ellipse round the grain (3.2.2) and measurin
i.e. the ratio of the length of minor axis to the length of the major axis

Fy: It is sometimes referred to as grain elongation.
Fy: The value lies in the range 0 to 1.

ry: There are several ways of fitting the ellipse round the grain, and differént methods can reg
ces in the measured aspect ratio.

e orientation
en the major axis of an ellipse fitted round the grain (3.2.2) and the horizontal direc
sured counter clockwise

ain size

ional size of a planar cross section through agrain (3.2.2), reported as
of the cross section

ter (see circle equivalent diameter (3:3.4) or Feret diameter (3.3.5))

ry: This is often shortened to grain size in common parlance, but can lead to confusion with t
p.1).

Fy: This is equivalent to the térm projected grain size.

3.4 Terminology associatéd with data correction and uncertainty of EBSD maps

3.4.1

misindexinig

assigning ar

Note 1 to ent
pattern or at

incorrectorientation (3.1.3) or phase (3.2.8) to the measured EBSD pattern

Fy: Fhis can occur for a number of reasons, e.g. pseudosymmetry effects, attempting to index 3
tempting to index a pattern from an unanticipated phase for which the indexing software

b the

ult in

tion,

he 3D

poor
s not

configured.

3.4.2

non-indexing

non-assignment of an orientation (3.1.3) due to insufficient quality of the EBSD pattern
Note 1 to entry: This can occur for a variety of reasons, such as roughness of the specimen, dust on the specimen,

overlapping patterns at the grain boundary, a poor-quality pattern due to the effects of strain, or the pattern is
from an unanticipated phase.
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3.4.3

data cleaning

process chosen to accommodate non-indexed (3.4.2) and misindexed (3.4.1) data within the map, using
a given set of parameters, typically based on the characteristics (orientation (3.1.3), phase (3.2.8)) of a
certain number of nearest neighbours

Note 1 to entry: A wide range of terms (not necessarily mathematically precise) is used in the various
commercially available software packages for different data-cleaning operations, including noise reduction,
extrapolation, dilation and erosion.

Note 2 to entry: See Figures 1 b) to 1 f).

4 Equipment for grain sizing by EBSD

4.1 | Hardware requirements

The reader is referred to ISO 24173 for equipment needed to acquire eledtron backscatter patterns,
index the patterns (determine the orientation) and either step the beam across the specimejn surface or,
less ¢ommonly, step the stage, keeping the beam stationary to acquire-aap.

4.2 | Software requirements

4.2.1 The software shall allow the orientation data (or:other parameters, such as pattern quality
derived from each diffraction pattern) to be displayed as a‘map.

4.2.21 The software shall correct misindexed pixels,or fill in non-indexed pixels (see 6.2 and 6.3).

4.2.3 The software shall use orientation data to define the positions of boundaries in accdrdance with
the cfiteria selected.

4.2.4 The software shall identify grains as regions of connected pixels from the set of boundary points
and measure grain size parametets. Special treatment may be applied to grains that intergept the map
edges, e.g. removal or weighting:

5 Acquiring the nmiap’for grain sizing by EBSD

5.1 | Specimenpréparation

In orger to achiéve a high degree of indexing of individual pixels (a high indexing hit rate), itfis necessary
to prjoduce.a surface finish which produces EBSD patterns of sufficient quality to be indeked reliably.
The ¢riteria used for indexing reliability shall be defined and reported by the user.

The surface preparation method adopted will be dependent on the material and also on its condition
e.g. metallurgical heat treatment. The reader should refer to standard texts on polishing and etching
and ISO 24173:2009, Annex B. Over-etching of grain boundaries should be avoided since it leads to
increased numbers of non- and mis-indexed points and to low index reliability at the grain boundaries.

If necessary, the specimen may be coated with a thin conductive coating (such as carbon) to prevent
charging and electron beam drift and thus avoid distortion of the image.

5.2 Defining specimen axes

If the specimen is known to be strongly textured, e.g. from thermomechanical processing, the axes of
the specimen shall be identified prior to preparation for EBSD such that EBSD measurements can be
related to these axes. These axes are usually related to the rolling direction (for metals), to a growth
direction (e.g., in thin films) or to a principal applied stress.

© IS0 2020 - All rights reserved 7
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5.3 Stage positioning and calibration

The procedures set out in ISO 24173 shall be followed. The specimen shall be fixed to the scanning
electron microscope (SEM) stage in the desired orientation with the specimen axes relative to the stage
axes and imaged at a working distance at which the SEM and EBSD image magnifications have been
calibrated and at which the EBSD system itself has been calibrated to index diffraction patterns.

The purpose of this calibration is to check that there is no influence of distortion on the recorded
patterns and to ensure that the tilt angle relative to the specimen is correct. Reference [4] discusses
distortion round the edges.

imen

The specim
surface nor
surface accu

NOTE A
the direction

5.4 Lined

Follow ther

5.5 Prelil

An initial ex
needed to 1
acceptable p

The reader |
5.6 Choig

5.6.1 Ifth
shall be per
only slight p
or electron-
the specime

As an altern
This can be

5.6.2 The

ntilt hac 2 cignificant offoct an tha imagg maagnification in thao dirvaction on thgo cnac
P trrc oo o o TS T oo e o e e oo e o S o S T r ot o e e e e cer o o e SO P

mal to the tilt axis. Great care shall be taken to measure the tilt angle of the spee
rately.

1° change in tilt angle at a tilt angle at 70° will cause a change of ~5 % in the size ofthe’step uj
on the specimen surface normal to the tilt axis when collecting data for the map!

r calibration

ecommendations of ISO 16700.

minary examination

amination of the specimen shall be made to identify.an initial set of operating param
hap the orientation of the specimen with an acceptable level of accuracy and with
eriod of time over an area sufficient to give data oti.a statistically significant number of gi

s referred to ISO 24173 for information needed to measure the orientation.
e of step size

e grain size and shape are not known already, an approximate grain size and shape estim
formed by a quick imaging technique. An optical microscope might work on a region
olishing relief or on an etched region adjacent to that to be examined by EBSD. Forescat]
Channelling contrast imaging using diodes mounted on the EBSD detector, or imaging
h current, can also produce images relatively quickly.

ative to mapping,-some EBSD software offers a line intercept method as a mapping n
used to quickly give an approximate grain size measurement.

step size should be chosen in relation to the average grain size, unless information

particular m
on the mini

also 6.3 and|Figures 1 d), e) and f) for the effects of step size choice.

um number of pixels that are used to define a grain either by a lineal or areal method

imen

edin

eters
n an
ains.

ation
with
ter(2]
with

hode.

on a

inimum size is required. In either case, it shall be recognized that a judgement is being made

. See
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¢) | | f

Figure 1 — An area of a Ni superalloy mapped by EBSD under different conditions

Figure 1 shows, using Ni as an example material to illustrate general principles:

a) a pattern quality map (grey-scale range covering 20 to 160 of 256 grey levels), generated using a
0,5 um step size;

b) from the same data set, the raw orientation map (96,7 % indexed) with non-indexed points in white
and inverse pole figure colouring of orientations (specimen normal direction, with key bottom right);
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c¢) Figure 1 b) after removing clusters of 3 pixels or less and replacing the unindexed pixels by
orientations based on their six nearest neighbours (99,3 % indexed);

d) similar to Figure 1 c), but based on two instead of six nearest neighbours (99,8 % indexed);

e) the same area mapped with a 1 pm step size;

f) the same area mapped with a 2 um step size.

Figures 1 c) to f) all use the orientation key shown in Figure 1 b) and show grain boundaries (>10°) in
black and twin boundaries (60° + 1°,[111] * 1°) in grey.

A simple ru
the approxi
by an interls
of a single

J‘C;that can be applied to a preliminary scan 1s that the step size should be less than 10

ate mean grain sizel3l. Annex B summarises some effects of choice of step size deter
boratory comparisonlél. To confirm the validity of the chosen step size, repeat the-mayj
hrea at several step sizes and determine the maximum size below whichho.Signif]

difference i average grain size is determined. This choice has a direct influence on the\accuracy q

grain size m

5.6.3
size is prefd

easurement.

In choosing the step size, the spatial resolution of the system needs to“bg considered. The

rably larger than the interaction volume, which will be deterrhined both by the ma

examined and the operating parameters of the SEM, such as the filament type, accelerating voltagg

aperture siz

5.7 Detel

The speed ¥
the precisio
orientation.
calculated o

If too long aj
significantly
the data acq
path and is
necessary f(

Ifthe time t
compromise

In some casq
Subsequent
indexing ac
not justas a

5.8 Choi

a)
C.

'mination of the level of angular accuracy needed!71(8]

vith which EBSD patterns are acquired (includifig’ any averaging of patterns) may 4
h with which band edges can be detected and\thus the angular accuracy of the calcu
Other factors, such as the Hough resolutiodzand the number of bands chosen to matc
rientation, also affect the calculation time as well as the angular accuracy.

time is taken for acquisition and calculation, problems of specimen drift can be incrg
, and fewer points will be acquiréd-in a given time, reducing the statistical significan
uired. To minimize drift, it is recommended that the specimen have a good earth (grg
securely fastened to the stage. Avoid carbon tabs. A thin carbon coating might als
r insulating specimens.

between the two.0pposing factors above shall be recorded.

bs, saving of EBSD patterns without indexing during mapping may speed up map acquis
indexing off<line enables investigation of the effect of some of the above paramete

way ofispeeding up data acquisition but also to allow flexibility in data interpretation

% of
lined
ping
icant
f the

step
rerial
b and

ffect
lated
h the

ased
ce of
und)
o be

hken is too short, thefi levels of indexing reliability will be reduced. The settings chosen as a

tion.
'S on

uracy. The ‘approach of saving patterns for subsequent analysis is strongly recommended,

e of areas to be mapped and map size

The areas chosen for examination shall be representative of the microstructure as a whole, and, if there
is variation with position in the specimen, the positions examined shall be recorded in relation to the
specimen geometry.

For conventional linear-intercept measurements, standards such as ASTM E112 recommend
measurement of a minimum of 50 grains from a minimum of 3 fields. An EBSD interlaboratory study!®!
(Annex B) demonstrated that measurement of 300 grains generally produces a stable, repeatable value
on a running-average plot and that measurement of too few grains with a small step size can lead to
significant errors by missing large grains. It is therefore recommended that a minimum of 300 grains
per field is measured for a minimum of 3 fields, and that grains at the edge of each field shall be excluded
from calculations.
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If this minimum proves impossible (because for example of a very large grain size) then grains
cutting the edge of a field may be included if the “bias” incurred by including partial grain areas can
be compensated for by, for example, the Miles-Lantuéjoul correction[2] which assigns each particle a
weight that is proportional to the chance it has of being contained within the measurement field.

With some equipment and software, it is possible to join together EBSD maps of adjacent areas. This
should be avoided since joining maps in this way can lead to errors of alignment and the creation of
false boundaries. Since grain size is a statistical quantity, it is better practice to take measurements on
several separate areas.

NOTE 1 Ifstatistical tools can be used to reduce errors in joining maps together, this process of grouping maps

could-be-ofinterest:

NOTHE 2  Difficulties in aligning images might be caused by using too low a magnifications giving rise to
aberifations in the images, such as radial distortions (e.g. pincushion and barrel distortion)‘and scdn rotation or
an inforrectly set up SEM that shows poor orthogonality in the scan. Orthogonality error's can be pbserved and
corrected for with the aid of a rectangular grid.

5.9 | Considerations when examining plastically deformed maternials

Where there is a high degree of damage, e.g. from plastic deformation, it might be impossible to obtain
good| diffraction patterns. This makes indexing impossible or leads to inaccurate measurement of
orientation or phase. 6.2 and 6.3 consider the treatment of maps where this occurs, but [it should be
noted that, in cases where a substantial number (>10 %) of piXels‘are not indexed reliably, thfs treatment
can distort the results and introduce significant inaccuracies:

Furthermore, deformation often leads to the formation of new grains and sub-grain [boundaries.
However, there is no universally agreed definitionvof the misorientation angles that define these
bourldaries since the significance of the boundary angle will vary depending to materjal type and
the property under consideration. Thus, even\if good indexing is achieved, it is essentjial that any
meagurement of size in a deformed material)specify the misorientation angle used to dgfine a grain
boundary.

Heavjily deformed microstructures can also show significant anisotropy, and several definfitions might
be n¢eded to give representative descriptions of the grain size.

A funjther possible consequence.of deformation, particularly at elevated temperatures, is the formation
of strain-free recrystallized grains. In such cases, these grains might have a significantly [larger grain
size than the initial grains;resulting in a bimodal grain size distribution and the need to map at different
step pizes to resolve the.distribution.

6 Analyticalprocedure

6.1 | Definition of boundaries

6.1.1 Grain boundary angles

After following the steps above and acquiring data to plot, for example, maps of orientation, grain
boundaries can be drawn on the maps. This requires the angles defining the various possible boundaries
to be chosen. Guidelines for this are given below but, whether these or other methods are used, the
definitions and procedures used for grain size values shall be stated with all results.

For relatively simple equiaxed grain structures, such as fully recrystallized metals or undeformed cast
metals, the misorientation that is used to define the grain boundary may be taken to be as little as 5°.
For these types of material, there is evidence that misorientation angles between 5° and 15° make little
difference to the average grain sizel10l,

For other materials, with more complicated grain structures, larger angles, typically 10° or 15°,
depending on material, are used. Measurement of grain size as a function of misorientation angle might
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be useful in gathering information on the structure. Care shall be taken to ensure that the prescribed
angle is not so large that it results in two or more distinct, preferred orientations being encompassed
within the angular rangel111[12],

6.1.2 Handling incomplete boundaries

In some materials, particularly after deformation, selected boundaries might not extend completely
between two regions to terminate at a triple point with another boundary because the measured
misorientation changes along the length of the boundary fall below the defined grain boundary
angle. In such cases, it might be possible to extrapolate the boundary by reducing the minimum angle
generally used elsewhere in the map (see 5.6) to a new, lower, value. If this is done, it shall be recorded
with the final result (preferably reporting the effect on mean size with and without extrapolation)| It is,
however, preferable to measure size with reduced misorientation angles defining grain boundatries and
to note the gffect of this reduction on the measured grain or sub-grain size.

6.1.3 Dedling with special boundaries

With conveptional techniques, special boundaries such as twins in cubic materials, which c3dn be
identified by their morphology, are frequently ignored for the purposes of grain size measurement.
Since EBSD measures angle/axis quantitatively, these boundaries can be easily'determined by software
and excludeld from EBSD measurements of grain size. However, since there will be some variatipn in
measured apgle and axis about the idealized value, the tolerances usedyto define the boundaries|shall
be recorded|(e.g. +2° from 60° about <111>). The following should also be noted:

a) EBSD will define some boundaries as twins because they meet the defined misorienthtion
toleranges, whereas conventional optical microscopy would not identify them because the tyjpical
morphalogy of twinning is not obvious. This effect can beteduced by only including those bounjdary
segments with a trace, which also satisfies the requiFements for a twin planel13l.

b) Removdl of grain boundaries in a) will lead to larger grain sizes than if twins are included.

6.2 Post-pcquisition treatment of raw-data

Rarely will [every pixel in an EBSD orientation map be correctly indexed. In addition to errofs in
orientation [measurement for each pixel indexed, some pixels will not be indexed. The relative
proportions| of these pixels will depend on specimen preparation, the nature of the specimen, the|SEM
operating cqnditions and the EBSDjindexing parameters.

In simple r¢crystallized spécimens, it is normally possible to achieve a level of 95 % of pixels|with
acceptably high index reliability. This level of 95 % should be the target for all maps, but it was shown
in an Interldboratory studyl®], (Annex B) that if misindexing is random then a minimum of 80 %|with
acceptably high indeX reliability (and following data-cleaning steps described in 6.3) will still prdduce
acceptable fesults*for mean grain size. However, incorrect or excessive manipulation of the raw|data
can alter th¢ finalimeasured sizes significantly.

NOTE InTuttiphase matertats,; ttTam be ecessary to treat eactt phase differemntly, using aSeparate ddtaset
for each phase.

6.3 Data-cleaning steps

6.3.1 Remove data for all grain sections with a number of pixels lower than a user-defined value
(typically 3 to 5)I€l. See also 6.3.4 for removal of the smallest grain sections after image processing. The
threshold value and the number removed shall be recorded.

6.3.2 Index any singly unindexed pixel where it is surrounded by x or more pixels of the same
orientation, where the value of x is dependent on the grid used for mapping (square or hexagonal). Care
needs to be taken if this process is repeated several times (a single pass is generally sufficient for non-
indexed points at grain boundaries). The percentage indexed should not be increased by more than,
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typically, 5 % but it has been shownl®] (Annex B) that, in the case of random misindexing, up to 10 % of
pixels may be re-indexed. The percentage indexed in this manner shall be reported.

The effect of data cleaning (which has the potential to introduce artefacts) shall be investigated
according to the information required on the grain size. (For example, the mean value might be less
sensitive to data cleaning than the whole histogram, in particular for the smaller grain sizes.) The
histogram of sectional grain size given by analysis of the raw data shall be recorded to assess any
excessive artefacts introduced by data cleaning.

6.3.3 Optionally, an orientation filter, such as Kuwahara filter(14], may be used to reduce errors in
orientation measurement. This is especially important for heavily deformed specimens. Use of such a
filter{shall be recorded with the results.

ps, and care
ture, e.g. by

[t shguld be borne in mind that the Kuwahara filter can introduce diagonal features into mg
should be taken to check that the features produced are actually present in the microstrug
looking at the forescatter image or EBSP quality map.

in size. For
b is 10 pixels
vould give a

6.3.4 Choose the minimum dimensions to be included in the calculations of the gr3
conventional linear-intercept measurements, the minimum recommended,length to measurs
(so that in the worst case a +1 pixel error at one end and a -1 pixel écror at the other end
maximum error of 20 %); this would suggest a minimum grain size-area of 100 pixels. Hoever, it has
been| shown[31[10] that measurements for all grain sections >10 pixels in area gives valid results since
EBSI) validates each pixel in a grain by measuring its orientation. Pixelation errors, which alter the true
grair] area at small sizes, are approximately 5 % for an area 0f*10 pixels.

It is|therefore recommended that all grain sections:&10 pixels in area should be inclpded in the

calcy
mini
by a
size

EBSI

If lin
inter
caus

It is
orth
size

during measureménb was significant. If the average values differ by more than 10 %

meagy

For
appr

lation of grain size. This agrees approximately with conventional image analysis
num size of an object is 9 (3 - 3) pixels for.a-sSquare grid or 7 for a hexagonal grid to a
cingle layer of pixels deleting an object completely. A graph of average grain size again
ncluded in the calculation can be produced to confirm this choice of minimum and,
maps to highlight the grains excluded from the average grain size calculation can be

ear intercept measurements are/made of grain size, then it is also recommended
cept lengths of 210 pixels shallbe included in the calculation of grain size to eliming
ed by lines running on andparallel to grain boundaries.

further recommended.“that, for equiaxed structures, intercept measurements a
gonal directions parallel and perpendicular to the sample tilt axis. The calculation o
[see 6.5) for theZtwo directions will give a good indication if sample or image move

urements should be made to investigate the cause.

bpriateto the sample axes.

where the
void erosion
st minimum
if required,
broduced.

] that only
te artefacts

re made in
f an average
ment (drift)
then repeat

hon-equiaxed structures then linear intercept measurements should be made i directions

6.3.

Maps showing (aJ grains of more than 10 pixels and (bJ grains of less than 10 pixels shall be

investigated alongside maps of diffraction pattern quality which might highlight the significance of any
data omitted from the calculation.

6.3.6 All grains touching the edge of a map shall be excluded from calculations of grain size
(see also 5.8).
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6.3.7 Figures 2 to 4 show examples of the effects of some of the above methods on the measurement of
grain sizes in the nickel material used to make the maps shown in Figure 1.

Figure 2 shows cumulative sectional grain distributions from a larger region of the 0,5 pm step size
maps shown in Figures 1 b) to d), resulting from various data-cleaning methods:

a) raw data;
b) removed single isolated pixels, dilated into unindexed pixels where five neighbours indexed;

c) asb), butremoved 3-pixel clusters;

d) asb), bytremoved 10-pixel clusters;
e) asb), followed by removal of all grain sections with two or fewer neighbours.

Y

100 -
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40

2014

0 T
100
X

Key
X sectionil grain size \(Circle equivalent diameter), expressed in pm
Y cumuldtive prebability, expressed in %
—A— Q)
—o— b)
~v- ¢)
—a— d)
= €)

Figure 2 — Cumulative sectional grain size distributions resulting from different data-
cleaning methods

Figure 3 shows cumulative sectional grain size distributions resulting from maps of the same area
produced with step sizes of a) 0,5 um, b) 1 um and c¢) 2 pm, [the 0,5 um data is the same as that shown
in Figure 2)] after data-cleaning steps involving the removal of single isolated pixels and dilation into
unindexed pixels where five neighbours were indexed. See also Table 1.
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Table 1 — Effect of pixel removal on mean grain size

0,5 um 1,0 um 2,0 pm
Data-cleaning method Size Number Size Number Size Number
pm pm pm
a) Raw data 9,3 571
b) Single pixels removed 13,7 304 15,7 265 16,9 242
) Three pixels removed 14,8 280
d) Ten pixels removed 15,7 261
e) Graims with <2 TTetghbouring graimns 16,1 250 16,6 2718 175 231
removed
Y
100 1 QIP’
80 ﬁﬁg
60 /fﬁ
o Al
40 A,((d
FEaliytiis
20 Rty
LI
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0 b ”EI} e i N :
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Key
X sectional grain size (circle equivalént diameter), expressed in pum
Y cumulative probability, exptessed in %
o [a)
s |b)
—— | C)
Figure 3 < Cumulative sectional grain size distributions resulting from different map step
sizes and single-pixel removal during data cleaning
Figute 4 shows cumulative sectional grain size distributions resulting from maps of the same area

produced with step sizes of a) 0,5 pm, b) 1 um and c¢) 2 um, [the 0,5 um data is the same as that shown in
Figure 2)] after data-cleaning steps involving the removal of grains with two or fewer neighbours and
dilation into unindexed pixels where five neighbours were indexed.
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100

— Cumulative sectional grain size distributions resulting from different map step
sizes and removal of grains with two or fewerneighbours during data cleaning
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ear intercept, circle’ equivalent diameter, feret diameters or area. Which of these isfused
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SDyorientation map an analysis of all grains identified after completing the procedures

outlined in 6.1-6.3 WIlIT produce a Iist of areas of each individual grain section and therefore commonly

individual D
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produced.

circle Values calculated from the areas (3.3.2). A list of individual linear intercept lengths
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The different parameter lists present options for calculating an average grain size, including:
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which could be described as an average sectional grain

e

A is the grain area (in square pm);

D is the equivalent circle diameter;

circle

1 is the intercept length (in pm);

n is the number of measurements of grain area or intercept lengths.

based measurements are often reported as a grain size index based on a count of th
s occupying a defined area and the value of A may-be’ used to calculate an in
Annex A). If an index number is calculated, the reference number of any standard
ation of this value shall be reported.
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Measurement uncertainty
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laboratory studylfl on an equiaxed recrystallized Titanium sample which followed a
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Table 2 — Precision of the measurement of average sectional grain size of a Titanium alloy for

. . . 2D e : : - Xl
equivalent circle diameter (Dcircle(n) :T] and linear intercept measurement (l =7)
Equivalent circle diameter Linear intercept

(nm) (pm)
Overall mean 33,5 30,1
Standard deviation of cell averages 1,88 1,02
Repeatability standard deviation S, 0,88 0,74
Reproducibility standard deviation Sp 1,98 1,15
Repeatability limit r 2,46 2,07.
Reproducibility limit R 5,55 3722

The following factors should be noted from the report on the interlaboratory studyel:
Major error$ were caused by:

a) Calibratiion errors for magnification or scan orthogonality

b) Lack of data clean up

c) Too smdll a step size resulting in scanning an area that was«¢e small and therefore not measuring
large grjains

Other factois which were found to contribute to uncertainty included:
a) The minimum grain size chosen to exclude from the'calculation, which was in turn affected by
b) The chdjice of step size

These factors had a greater influence on theluncertainty than:

a) Thelev¢l of accurate indexing of pixels above 80 %

b) The precise method used to clean’up the maps for poorly indexed pixels

Other factors which may contribuite to uncertainty but which were not quantified included:
a) Sample stability or drifpin the area mapped by EBSD

b) Accurady with which the tilt angle of the sample is known

8 Reporting of analysis results

8.1 The reporting of the analysis results shall be done in accordance with ISO/IEC 17025.

8.2 The specimen preparation method and section analysed shall be clearly indicated, together with
the reference number of any standard used for metallographic evaluation of the grain size (see Annex A).

8.3 The SEM and EBSD operating conditions shall be indicated. Indicate gun type, accelerating
voltage, working distance, probe current (if available), specimen tilt angle and type of scan (beam/
stage), step size, magnification (or image width) and grid shape (square or hexagonal). State the phase
and crystallographic structures used for EBSD indexing. The report shall also state the criteria used for
reliable indexing and the methods of data cleaning used (see also 8.4).
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8.4 If requested by the customer, a map showing the raw data (the data prior to any data-cleaning
operations) shall be displayed, to allow the customer to check for artefacts due to the data-cleaning
procedures. Report all data-cleaning operations, with the percentage of points cleaned, and the minimum
grain size and the misorientation angle used to define the boundaries.

8.5 The data reported shall follow the requirements of 6.6.
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Annex A
(informative)

Grain size measurement

The mechanical properties of engineering materials are strongly influenced by their crystal grain
size and distribution. For example, strength, toughness and hardness are all important engineering

properties that are strongly influenced by these parameters. It is therefore important to have stan

j

methods, with commonly used and agreed terminology, for their measurement. Standardized‘met

of measure
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ials exhibit a range of sectional grain sizes in a 2D cross section, théymaterial c4
d by both a size distribution and a mean value. Most existing and widely used standard
easurement (such as ASTM E112[15], ASTM E930[16], ASTM E1181H4/ASTM E1382[18
[21]) aim at measurement and reporting of a mean value, generally"based on a measure
er of grains within an area, or on the number of grains intercepted by a line drawn a
e. These therefore calculate an average grain size based on-an average area, 4.

ucture is mapped by EBSD, the data generated enables the automatic measureme
rain size areas or lengths, for all grains within the mapped area. The production of da
Lion of sizes as well as the mean value is thus greatly simplified. The measurement by |

fation of very small grains, based on the comnionality of orientation in adjacent pixels.

if account is not taken of the small area,fraction that they contribute and emphasise

.4 to 6.6 of this document describethe options for reporting of mean grain size and sect
stribution. If comparisons are‘to be made with mean sizes determined by other grair
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It should be

noted that grain sizes given by D will not be normally distributed and therefor

circle

e the

mean size determined from a simple average may not be the best representation of the distribution
curve. Consideration may therefore be given to use of area weighted averages or use of other

distribution

s such as log-normal and any average thus calculated

Other standards relevant to grain size measurement include:

20
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Table A.1 — Other standards relevant to grain size measurement

ASTM E112 Grain size
Heyn linear-intercept method
Jeffries planimetric method

ASTM E1181 Duplex grain sizes

ASTM E1382 Grain size using image analysis

ASTMES36 Fargestgratrsize

[SO 13383-1 Grain sizes in ceramics

ISO 643 Ferritic or Austenitic grain size in steels

ASTM E2627 Grain size by EBSD in Fully Recrystallized Polycrystalline Materials
based on the approach of E112

Note| that for measurement of duplex grain sizes, or of partially recrystallized matprials EBSD

meagy

grair

urements will produce a sectional grain size distribution which willlearly show the|presence or
othefwise of a duplex distribution or can be used to distinguish recrystallized from non-rgcrystallized
s based on parameters such as average grain misorientation.
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